Liquid chromatography (LC) solvent assisted inlet ionization (SAII) mass spectrometry (MS) was previously reported to give good chromatographic resolution and MS detection injecting 66 ng of a BSA tryptic digest. In analogy to nano-electrospray ionization (nESI), we extend SAII LC/MS to nano-SAII (nSAII) operating at nL min -1 flow rates and demonstrate good quality ion chromatograms and mass spectra from injection of as little as 0.7 ng of BSA digest onto a capillary LC column. Data dependent fragmentation is demonstrated for injection of 7 ng of a BSA digest. This method has advantages over nESI in ease of use and low cost as it requires no voltage and is operational without the necessity of connectors or fragile nESI emitters, although similar constricted tips can be helpful in nSAII to stabilize the signal at low nanoliter flow. At a flow rate of 0.8 μL min -1 , the only requirement for nSAII is that the exit-end of the capillary LC column be adjusted near the aperture of the heated inlet of the mass spectrometer.
Introduction
M odern liquid chromatography/mass spectrometry (LC/MS) almost exclusively uses electrospray ionization (ESI) except for low polarity compounds which use atmospheric pressure chemical ionization (APCI) [1] [2] [3] . For analyses where sample amount is limited, ESI LC/MS is performed at nanoliter (nL) min -1 mobile phase flow rates [4] [5] [6] [7] . This approach, called nano-ESI (nESI) [8] , is especially important for peptide and protein analyses. Because ESI is a concentration sensitive method, lower flow rates produce similar signal to higher flow but with consumption of less material [9] . However, the low flow condition also enhances ionization, presumably by producing smaller solvent droplets with increased charge, thus reducing ion suppression and ionizing a wider range of compounds. Because of the importance of nESI, ion sources are commercially available. Recently, Smith and coworkers [10, 11] reported on nESI at subambient pressure using ion funnel technology. However, nESI has a number of shortcomings. The low solvent flow greatly increases the time for a complete LC run relative to higher flow rates, and achieving a stable ion current is notoriously difficult. Special spray emitters are available to help address this issue [12] , but the emitter tips are fragile and add considerable cost to nESI. The sharp tips also reduce the voltage range over which a stable ESI spray is observed: too high voltage produces a corona discharge. Technical issues generally limit the use of nESI to problems that need its additional capabilities.
Recently, inlet ionization methods have been introduced that have the potential to compete with both matrix assisted laser desorption/ionization (MALDI) and ESI. Methods that utilize a solid phase matrix similar to those used in MALDI are laserspray ionization inlet (LSII) [13] [14] [15] [16] [17] [18] [19] and matrix assisted inlet ionization (MAII) [20] . Solvent assisted inlet ionization (SAII) is the equivalent of ESI in that similar mass spectra are produced from solvent/analyte solutions introduced into the mass spectrometer inlet and ionized [21] . Just as in ESI, SAII can be used for ionization in LC/MS [22] . It was shown that introducing the LC mobile from a 1 mm i.d. LC column directly into a heated inlet transfer tube of the mass spectrometer produced a high quality ion chromatogram and corresponding mass spectra with injection of ca. 70 ng of bovine serum albumin (BSA) tryptic digest. Here, we extend the applicability of inlet ionization to nanoliter flow rates by positioning the LC effluent just outside of the mass spectrometer inlet aperture and demonstrate similar results from injection of just 0.7 ng of BSA digest. 
Experimental

SAII-MS
One end of a 40 cm length of 25 μm i.d. fused silica tubing (Polymicro Technologies, Phoenix, AZ, USA) was connected to a syringe and the exit end taped on an x,y,z-stage to control the alignment and distance of the exit end relative to the inlet aperture of the heated atmospheric pressure (AP) to vacuum inlet tube of the mass spectrometer. A study of the optimum distance of the fused silica exit from the inlet orifice was performed by pumping a 1:1 ACN:water 0.1 % FA 1 pmol μL -1 angiotensin I solution through the fused silica tube at a flow rate of 1.2 μL min -1
. The x,y,z-stage was used to adjust the exit end of the fused silica from 0.4 mm on the AP side to 0.2 mm on the vacuum side of the mass spectrometer inlet aperture.
NanoSAII and nanoESI LC-MS and MS/MS
A Waters Corporation NanoAcquity liquid chromatograph was used with a Waters 100 μm×100 mm BEH130 C18 column with 1.7 μm particles. Water and ACN both containing 0.1% FA was used as the mobile phases in all studies. A 35 min gradient of 1 to 85% ACN was used at mobile phase flow rates varying from 0.4 to 0.8 μL min 
Results and Discussion
SAII was recently interfaced with LC/MS at a mobile phase flow rate of 55 μL min -1 with chromatographic resolution comparable to ESI LC/MS and produces good signal-to-noise with injection of 1 pmol of a BSA digest [22] . This work was accomplished on a LTQ-Velos, which has a heated inlet tube a b Figure S3 linking AP with the first vacuum region of the mass spectrometer. The higher flow rates used in the previous study requires that the exit-end of the fused silica capillary be stripped of its polyimide coating and inserted into the heated inlet tube of the mass spectrometer to a 'sweet spot' for ion production. Here, we demonstrate, in analogy to nESI, that nanoliter mobile phase flow rates are also compatible with SAII. The initial 'tuning' for the low flow rate was achieved by delivering an angiotensin I solution using an infusion pump to the exit end of the fused silica tube (25 μm i.d.) so that it could be adjusted ( Figure S1 ) for the best stability and abundance of the signal from the triply charged angiotensin I ion (m/z 433). For flow rates of a few microliters and lower, the best position of the fused silica capillary exit-end was found to just at the inlet entrance aperture, and no longer requiring the removal of the coating. A stable signal with good sensitivity was achieved with the mass spectrometer inlet tube temperature set to 300°C. The flow of air into the vacuum region of the heated mass spectrometer entrance inlet is sufficient to nebulize the solution at the tip of the fused silica, sweeping the ensuing mist of solvent droplets into the inlet where ions are generated with the assistance of heat and vacuum. Experiments and mechanistic discussions are included in Supplemental Data ( Figure S2 ). Without the need to place the fused silica inside the heated mass spectrometer inlet, it is possible to use the exit of the capillary LC column and eliminate all connections, unlike in our previous LC-SAII study [22] . By attaching the exit of the LC column to an x,y,z-stage with tape, the end of the LC column capillary tubing is visually adjusted near the entrance of the mass spectrometer inlet for optimum ion current stability (Figure 1a and Figure S3 ). This procedure can be accomplished in a couple of minutes. This arrangement provides stable ion current at flow rates from 0.8 μL min -1 ( Figure S4A ) to at least 1.2 μL min -1
( Figure S4B ). However, the signal is not sufficiently stable with this arrangement at 0.4 μL min -1 for good quality LC/MS. Observationally, it appears that the instability is the result of larger droplets exiting the fused silica tubing rather than a fine spray. A stable signal is achieved by attaching the LC column to a Waters PicoTip emitter (Figure 1b) , as is done in nESI. Because SAII operates without the requirement for a voltage and at high nanoliter flow rates without the necessity of a fragile emitter, it is exceptionally easy to implement.
Using the simple set-up ( Figure 1a and Figure S3 ) requiring no emitter connected to the LC column and a mobile phase flow rate of 0.8 μL min , injection of 100 fmol (7 ng) of BSA digest produces roughly equivalent results to those reported [22] for ca. 70 ng injected at 55 μl min -1
. The base peak chromatogram for the 100 fmol injection is shown in Figure S5A . The mass spectrum from the peak eluting at 17.8 min shows doubly and singly charged analyte ions ( Figure S5B ). In order to have a relative comparison, nESI LC/MS was acquired using the commercial nESI source on the SYNAPT G2 mass spectrometer at a mobile phase flow rate of 0.8 and 0.4 μL min -1 using the same gradient and injecting 100 fmol of the same BSA digest used in the SAII study ( Figures S4 and S6) . Additionally, data dependent fragmentation for the 100 fmol SAII injection on LTQ Velos also produces excellent LC/MS/ MS fragmentation as is demonstrated by the high sequence coverage using MASCOT for the BSA peptide fragment at m/z 740 having the sequence LGEYGFQNALIVR (Figure 2) . MASCOT identified the protein as BSA from this single MS/ MS spectrum with a score of 103. The first nSAII LC/MS and MS/MS results, without the necessity of special connections, tips, or voltage, produce roughly equivalent results to nESI and in much less set-up time for the experiment.
Injection of just 10 fmol (0.7 ng) of BSA digest using SAII at 0.8 μL min . Under these conditions, injection of 0.7 ng of BSA digest produced the base peak chromatogram shown in Figure 3 . The signal-to-noise was calculated by the data system for the peak eluting at m/z 582 is 277.
Conclusion
Inlet ionization is a new method for producing mass spectra equivalent in charge state to those produced by ESI but from solid (LSI or MAII) or solution (SAII) states without the need for a laser or voltage for ionization. The sensitivity of inlet ionization is demonstrated by the production of good quality base peak chromatograms and clean mass spectra with high signal-to-noise with injection of as little as 0.7 ng of a BSA digest using nSAII LC/MS. Data-dependent fragmentation was shown for injection of just 7 ng of BSA digest using a mobile phase flow rate of 800 nL min -1
. These results suggest the potential of SAII for proteomics and most likely other areas where sample amounts are limited. Detailed mechanistic discussion relative to inlet ionization is addressed in a forthcoming paper [23] .
